Introduction 55
In eutherian mammals, evidence has emerged that clearly demonstrates differences in growth rates and metabolism between male and female embryos that appear before sexual differentiation of the gonads, and therefore could not be explained by sex-related hormonal differences (6, 36) . In preimplantation bovine embryos, total glucose metabolism is twice as high in male embryos as female embryos, and the activity of the pentose phosphate 60 pathway is four times greater in female than in male blastocysts (54) . Similar metabolic differences were found in human embryos at this stage (46). Differential metabolism and growth rates may be attributable to the unbalanced expression of X-linked genes between the sexes during certain stages of early preimplantation development, where both X chromosomes may be active (32, 40) . We have shown that mRNA relative abundance of 65 three X-linked genes are expressed at higher levels in female bovine embryos than in male embryos at the early blastocyst stage: two are important components of energetic metabolism, also involved in controlling the amount of oxygen radicals (glucose 6-phosphate dehydrogenase -G6PD-and hypoxanthine phosphoribosyl transferase -HPRT) and the third, X-linked inhibitor of apoptosis protein (XIAP), is a mammalian protein that 70 controls apoptosis through modulation of caspase activation and activity (19, 24) . This differential expression has also been confirmed in other species (53, 58). The development of genomic procedures such as transgenesis and microarray analysis have allowed the discovery of nearly 600 differentially expressed genes between male and female mouse blastocysts (29) . These results confirm differences previously reported in cattle (17) 75
Evidence from several species indicates that embryos produced in vitro that reach the blastocyst stage earliest are more likely to be males than females; examples include the mouse (55), cow (1, 17), human (44) , pig (8) and sheep (4) . Furthermore, the fasterdeveloping blastocysts in in vitro culture systems are generally considered more viable, and 80 better able to survive cryopreservation or embryo transfer than those that develop more slowly (38). However, under suboptimal conditions, female embryos are more resistant than male embryos (43). This suggests that some early differences between male and female embryos are manifested under certain environmental conditions (18), and these early differences may be related to the control of the secondary sex ratio in mammals (i.e., 85 differences in sex ratio observed at birth) (23) . The mechanism(s) responsible for the observed phenotypic differences between male and female embryos in rate of development to the blastocyst stage is not clearly understood. Mitochondria, which play a central role in Page 3 of 30 the provision of energy to embryo, may play a role in the differences in development between the male and female embryos (37) , because enhanced rates of cell proliferation in 90 the developing male embryo may be expected to require increased levels of cellular energy.
Moreover it has been reported that mitochondria distribution at preimplantation stage may be an epigenetic factor developmentally relevant with respect to embryo competence (56).
In addition, telomere elongation during embryogenesis is restricted to the preimplantation morula-blastocyst transition (49), and it is possible that the differences between genders at 95 early mammalian embryos have a telomerase-dependent genetic program that elongates telomeres to a defined length (49). Telomere length is also related with the epigenetic status of mammalian cells. It has been reported that telomere length regulates the epigenetic status (histone modifications and DNA methylation) of mammalian telomeres and subtelomeres (3). Also, during the preimplantation period, there is a relationship between 100 genetic and epigenetic reprogramming (13); for this reason one could expect that the changes observed in gene expression between male and female embryo may be a cause or consequence of changes in epigenetic events. These epigenetic events may have a long term sex-linked effect in the adult animal (12), or may be hereditary and lead to sexspecific transgenerational responses (42). 105
Because in vitro culture may be responsible for or, at the very least, exacerbate the gender differences observed in embryos, bovine in vitro culture represents an excellent model to analyze genetic and epigenetic differences between male and female embryos 110 because the oocyte takes more than 7 days to develop to blastocyst stage; this long period should help to amplify these differences (20) The aim of this study was to examine genderrelated differences in mtDNA content, telomere length, methylation of different regions of the genome, and mRNA transcription of genes related with cytosine methylation and histone methylation in bovine blastocysts produced in vitro. 115
MATERIALS AND METHODS

Semen preparation
Semen was collected from a Holstein Frisian bull of proven fertility and diluted immediately 120 with Sexcess® extender (Masterrind, Verden Germany) to a concentration of 1x 10 Samples were sorted at an average event rate of 25000 cells/sec giving a sorting rate of 3300 cells/sec. Spermatozoa were collected into 10 mL conical plastic tubes (Greiner, Nürtingen, Germany) pre-filled with 500 µL TEST-yolk extender (25) . Immediately after collection of 8 million spermatozoa, the sorted cells were centrifuged at 840xg for 20 minutes. The supernatant was discharged and the pellet was re-suspended with a TRIS-135 based cooling extender and cooled to 4°C within 2h. Then, the final sperm concentration was set 20.6 x 10 6 sperm/ml with a TRIS based freezing extender (28) and 3.3 x 10 6 spermatozoa were filled into 0.25 ml plastic straws (Minitüb, Tiefenbach, Germany) (segment 1 with 160 µl sperm and segment 2 with 50µl extender), sealed and frozen in liquid nitrogen. From each sorted frozen sample a purity analysis for the correct sex 140 separation was performed using a flow cytometrical resort protocol and by curve fitting statistics (Gaus 7, (25)).
Blastocyst Production
Immature cumulus oocyte complexes (COCs) were obtained by aspirating follicles from the 145 ovaries of heifers and cows at slaughter. COCs were matured for 24 h in TCM-199 supplemented with 10% (v/v) fetal calf serum (FCS) and 10 ng/ml epidermal growth factor at 39 o C under an atmosphere of 5% CO 2 in air with maximum humidity. For IVF, matured COCs were inseminated with frozen-thawed, percoll-separated, flowcytometrically sexsorted (X-sorted; n=1057 or Y-sorted; n=1094) and unsorted (control; n=157) bull sperm at 150 a concentration of 1 x 10 6 spermatozoa/ml. On each day of IVF a small number of oocytes were inseminated with unsorted semen as a control to ensure procedures in the laboratory were optimal, hence the lower numbers. with maximum humidity. Day 7 blastocysts from both experimental groups were snap frozen in groups of 10 for analysis of mRNA relative abundance, mtDNA and methylation status. Five replicates were performed, and embryos from several replicates were used in 160 the genetic and epigenetic analyses.
Embryo sexing by PCR
A preliminary study was performed for verification of the sorting procedure. All blastocysts used were produced in vitro as described above. Day 7 blastocysts from both groups (X-165 sorted; n=47, Y-sorted; n=61) were firstly washed in PBS and then transferred into 5 mg/ml pronase (Sigma P5147, Madrid, Spain) in PBS medium for 1 min to remove the zona pellucida and any attached spermatozoa. They were then washed 3-4 times in PBS and individually snap frozen in liquid nitrogen in Eppendorf tubes and stored at -80ºC until analysis. Samples were thawed at room temperature and centrifuged at 8,000x g for 1 min 170 prior to mixing with PCR reagents. Two sets of PCR primers were used to determine embryo sex: Y-chromosome specific primers (BRY4a) and bovine specific satellite sequence primers (Sat1) (33) . Because of the number of repetitions of these sequences, this is one of the best systems to sex bovine embryos in a single PCR. The amplification reactions were conducted in a total volume of 25µl containing 1x PCR buffer, 2 mM 175 MgCl 2 , 0.5 mM dNTPs, 1 units of Taq DNA polymerase and 0.1 mM of the Sat1 primer and 0.3 mM of the Bry4a primer. PCR was programmed for 35 cycles of 94ºC for 15 sec, 58ºC for 30 sec and 72ºC for 20 sec; in the first cycle denaturation was at 95ºC for 3 min, and after the 35 cycles the reaction mixtures were kept at 72ºC for 5 min. PCR product were analysed on 2% agarose gel and ethidium bromide staining. The gel was visualised under 180 ultraviolet illumination for the positive 300 bp band of Bry4a 1a and 216 bp of the satellite sequence. Samples which exhibited both bands were assigned as males while the samples exhibiting only a satellite sequence band were assigned as female (Figure 1 ).
Quantification of mtDNA 185
To analyze mtDNA, sixty individual D7 blastocysts, and six groups of five blastocysts of each sex from three different experimental replicates were used. DNA was extracted form each sample and used directly for PCR analysis as described by Shitara et al. (50) and divided in three aliquots; each aliquot was used directly for sexing, mtDNA quantification (35), and measurement of telomere length by PCR. For mtDNA quantification, we used 190 primers located in the COX1 gene ( Table 1) 9 molecules of double-stranded DNA. Several serial dilutions were then made in order to assess the concentration of a known number of templates, and these were then used as external standards. For each replicate, a standard curve was generated using five 10-fold serial-dilutions (100-1,000,000 copies) of the external standard. This curve allowed the 210 determination of the starting copy number of mtDNA in each sample. All samples were tested three times.
Quantification of telomere length
Average telomere length was measured from sixty individual bovine D7 blastocysts DNA 215 by using a real-time quantitative PCR method previously described (7) . DNA was extracted form each blastocysts as described by Shitara et al. (50) and divided in three aliquots; each aliquot was used directly for sexing, mtDNA quantification, and measurement of telomeres length by PCR analysis. Quantification of telomere length by real time PCR was performed according to the relative standard curve protocol, doing a minimum of 3 repetitions for 220 each sample. The assay measures an average telomere length ratio by quantifying telomeric DNA with specially designed primer sequences and dividing that amount by the quantity of a single-copy gene (H2a.z). To serve as a reference for standard curve calculation, an individual sample of bovine somatic DNA was serially diluted over a 25-fold range for the telomere PCR, and over 16-fold range for the H2a.z. The relative amount of the telomere 225 PCR product was divided by the relative amount of the H2a.z, and the ratio of telomere/H2a.z was calculated. The average of these ratios was reported as the average telomere length ratio (ATLR). The primers used for RT-PCR are listed in Table 1 .
230
Bisulphite treatment, PCR and restriction analysis of PCR products
To analyze methylation status, three groups of ten embryos of each sex from three different experimental replicates were used. Embryos were washed in PBS, placed in 1.5 ml Eppendorf tubes, snap frozen and stored at -80ºC until they were analyzed. As a control, the DNA of approximately 1 mm 3 of ovarian stroma was extracted using phenol-235 chloroform and diluted. The DNA was treated with sodium bisulphite using the EZ DNA Methylation Kit (Zymo Research, Orange, CA, USA). Bisulphite-modified DNA was used to amplify each sequence. The methylated status of a part of the satellite I region, a part of the satellite II region, a part of the 18S rRNA sequence, a part of the Alu-like short interspersed nuclear element (SINE) art2, and sequence near a variable number of tandem 240 repeats (VNTR) region were amplified using nested or hemi-nested PCR (26, 27) . The first PCR consisted of one cycle of 94ºC for 2 min, 45ºC for 30 s and 72ºC for 20 s, followed by 4 cycles of 94ºC for 1 min, 50ºC for 30 s and 72ºC for 20 s, 35 cycles of 94ºC for 15 s, 54ºC for 30 s and 72ºC for 20 s, and a final step of 72ºC for 8 minutes. The nested PCR was carried out using one µl of the product and consisted of a first step of 94ºC for 2 min, 245 35 cycles of 94ºC 20 s, 54ºC 30 s and 72ºC 30 s, and a final step of 72ºC for 5 min. Primers are indicated in Table 2 . Cytokeratin gene promoter sequence was amplified using a nested PCR consisting of one cycle of 94ºC for 3 min, 56ºC for 40 s and 72ºC for 20 s, followed 
305
Statistical Analysis
Data were analyzed using the SigmaStat (Jandel Scientific, San Rafael, CA) software package. Cleavage and embryo development was analyzed using One Way Repeated measures Anova with arcsine transformation. One way repeated-measures ANOVA (followed by multiple pair-wise comparisons using Student-Newman-Kleus method) was 310 used for the analysis of mtDNA, percentage of methylation, and differences in mRNA expression assayed by quantitative RT-PCR. The mean of the male and female telomere length were compared using an independent samples t test.
RESULTS 315
In Vitro Embryo Development and sex ratio of bovine embryos
Sexing was performed on zona-free embryos with a single PCR using the male-specific primer, Bry4a and a satellite Sat1. The proportion of female and male blastocysts obtained with X-and Y-chromosome-bearing sperm in the preliminary study was 87.2% and 80.3%, 320 respectively ( Figure 1A , Table 3 ). The proportion of zygotes cleaving at 48 hpi was not different between X-and Y-sorted groups (58.2% vs 55.1%, respectively); however, both groups were significantly different from the unsorted group (86.0%; P<0.001).
Furthermore, the proportion of blastocysts formed on Day 7 and 8 followed the same trend; there was no significant difference between X-and Y-sorted groups (Day 7: 10.1% vs 325 13.5%, Day 8: 13.8% vs 18.3%, respectively) but significantly more blastocysts were produced in the unsorted group (Day 7: 51.6%, Day 8: 55.4%, P<0.001, Table 4 ).
mtDNA copy number and telomere length in male and female blastocysts
For mtDNA quantification we used single and pooled blastocysts. A lower inter-sample 330 variation was found when we used pooled embryos; however, in both cases the differences between genders were significant. The mean mtDNA copy number from the pool analysis of male and female bovine blastocysts is shown in Figure 1B . There was a difference between genders (P<0.05); mtDNA content average in male blastocysts was 410,000±23,000, and in females was 360,000±21,000. When individual male and female 335 blastocysts were analyzed the mtDNA content average in male blastocysts was 423,000±33,000, and in females was 373,000±27,000.
For telomere length quantification we used single Day 7 blastocysts. To evaluate the real-time PCR method, DNA from the tail of two mouse species, M. musculus and M. 340 spretus, was used (M. musculus animals have long telomeres with repeats of >20Kb, and M. spretus mice have short telomeres, similar to those in bovine, with 5-to 10-Kb repeats).
The mean ATLRs for the 2 species were compared and found to be statistically different.
The mean ATLRs and the average standard deviation for the ATLRs for the 2 groups were similar to those reported by Callicott and Womack (7) . No PCR products were noted when 345 the genomic DNA template was omitted or when E.coli DNA was substituted in the reaction (data non shown). Telomere length was shorter in male bovine blastocysts than in female blastocysts (P<0.01; Figure 2 ).
Differential methylation between male and female blastocysts 350
To examine the methylation status of male or female bovine blastocysts, purified genomic DNA from male and female embryos was treated with bisulphite, which causes deamination of unmethylated cytosines to uridine, thereby allowing discrimination between unmethylated and methylated cytosine residues through restriction enzyme analysis. The bisulphite-treated DNAs were subjected to PCR and products were digested by restriction 355 enzyme. We examined the methylation status of six genomic regions (that cover both euchromatic and heterochromatic DNA regions) in male and female bovine blastocysts produced in vitro (these regions have been previously used to analyzed differences in methylation between bovine blastocysts produced in vivo, in vitro or by nuclear transfer) (26, 27) : a region of the promoter of bovine epidermal cytokeratin gene, a sequence of the 360 higher repeat satellite I region (SatI), a sequence of the higher repeat satellite II region (SatII), a sequence near a VNTR, a sequence near the euchromatic repeated sequence 18S rRNA and a part of the euchromatic repeat sequence Art2. A 153-bp unique genomic sequence near a VNTR region which three AciI-recognition sites and eight CpG sequences was digested by AciI enzyme, with recognizes only the unconverted (methylated) 365 sequences. The sequence near VNTR region is highly methylated in sperm and become extensively demethylated at the morula and blastocyst stages (27) . The level of methylation in males (39.8% ± 4.8) was significantly higher (P<0.01) than in females (23.7% ± 3.1) ( Figure 3A) . In contrast, the rest of the analyzed sequences were hypomethylated in both genders, but Art2, which was partially methylated and did not show any difference between 370 genders (males 22.6% ± 7.7; females 19.6% ± 4.5).
Relative Abundance of Selected Gene Transcripts
In a preliminary experiment to select a reference housekeeping gene for data normalization we analyzed mRNA abundance of -actin (47), glyceraldehyde-3-phosphate dehydrogenase 375 (GAPDH) (48) , ribosomal protein L7 (Rpl7) (UniGene Bt.67188), and histone H2a.z (H2a.z) (21) between male and female bovine blastocysts. We found differences between male and female blastocysts for Rpl7, but we did not observe differences for the other housekeeping genes. For that reason, quantification was normalized to the endogenous control H2a.z. 380
There was no difference in the relative abundance of mRNA for Dnmt1 between male and female blastocysts. However, Hmt1 (P<0.01), Ilf3 (P<0.01), Dnmt3a (P<0.001) and Dnmt3b (P<0.001) were significantly up-regulated in male blastocysts ( Figure 3B ).
Discussion
Bovine embryos derived from sex-sorted sperm have similar morphology and timing of 385 development than those fertilized with unsorted sperm. However, at least in this study, sexsorted bovine sperm have a lower fertility and lead to reduced embryo development compared with unsorted sperm when used in vitro. This is generally attributed to the deleterious effect of the sex-sorting procedure on the capacitation status and lifespan of sex-sorted sperm (34). 390
Quantitative variation in mtDNA has been associated with gamete quality and reproductive success. It has been reported that mitochondria and mtDNA genotype affect the developmental capacity of bovine oocytes in vitro (51) The mean copy number of mtDNA per blastocyst reported here is consistent with previous studies (35). It has been 395 reported that the mtDNA copy number increases at the blastocyst stage in bovine embryos (35). The fact that male embryos have more copies of mtDNA indicates that this increase is faster in male than in female bovine embryos, or conversely, that degradation of mitochondria is higher in female than in male embryos during early development. It has been hypothesized that a divergence in energy metabolism is at the root of the differences 400 between the sexes in mammals (37) , and since metabolically active cells tend to contain more mitochondria than less active ones, there should be a difference in the number and/or activity of mitochondria in developing male and female mammals.
It has been reported in humans that telomeres on early male embryo Xqs are around 405 1100 bp shorter than on female Xqs (45). In mice and rats it has been reported that telomere lengths are shorter in adult and new born males than in females (9, 10). It has been also been reported that early mammalian embryos have a telomerase-dependent genetic program that elongates telomeres to a defined length (49). Analysis revealed no significant increase in telomere length between Day 8 to 13.5 of mouse embryogenesis 410 compared with length at the mórula-blastocyst transition, indicating that telomere elongation during embryogenesis is restricted to the preimplantation morula-blastocyst transition (49). Because we have identified differences at the blastocyst stage between male and female embryos, it is possible that the differences between genders at birth are consequences of the differences generated during the preimplantation period. We do not 415 know the origin of these differences between genders, but recently a locus with a major effect on telomere length on the distal X chromosome has been identified (7). One possibility is that this locus behaves like other described X-linked genes that are expressed at higher levels in female bovine embryos than in male embryos at the early blastocyst stage (19, 24) . In addition, we have found that the expression of Dnmt3a and Dnmt3b are 420 higher in male than in female bovine embryos, in agreement with reports that these methyltransferases are negative regulators of telomere length (16) . Moreover, mouse embryonic stem cells genetically deficient for Dnmt3a and Dnmt3b have dramatically elongated telomeres compared with wild-type controls (16) . Our results are in agreement with the link between epigenetic status and telomere-length regulation (5). 425 Also, we found that some epigenetic modifications take place differentially between male and female embryos. We did not observe differences in those sequences that were hypomethylated: the surrounding genomic heterochromatic repeats regions to SatI and SatII, a region of the euchromatic repeated sequence 18S rRNA and in a region of the promoter of 430 cytokeratin gene, nor in a part of the euchromatic SINE element art2, that was partially methylated (males 22.6% ± 7.7; females 19.6% ± 4.5). These findings are similar to those reported by Kang et al. (26) , who found considerably hypomethylated states in SatI, 18S rRNA and the promoter of the cytokeratin gene, and some degree of methylation (26 %) in art2 in IVF blastocysts, except for SatII, which was reported to be methylated to some 435 degree (27,8 %) (26) . This difference can be attributed to the different DNA methylation analysis method used (cloning and sequencing versus restriction enzyme analysis), as similar differences between methods have been found in others sequences such as SatI (26) .
However, we found differences in a unique sequence near a minisatellite repeat locus VNTR (AF012918) (26) , indicating that the difference in methylation between male and female is 440 not a genome-wide phenomenon, and that there are sequence-or genomic region-specific differences in epigenetic modification between male and female bovine blastocysts. These findings present the possibility that other single-copy genes that are important for full-term development may also be differentially demethylated, and may explain the differential expression of some autosomal genes (29, 30, 43) . These repeat minisatellites (VNTR) are 445 widespread within the genome, and have been widely used as genetic markers, owing to the that this hypomethylation is associated with reduced levels of Dnmt3a and Dnmt3b (60).
They speculate that the X chromosome encodes a modifier locus whose product represses de novo methyltransferases. Cells with two active X chromosomes will over-express the modifier and therefore have reduced levels of the enzymes (60). Also, the influence of sex chromosome constitution on the genomic imprinting of germ cells has been reported (11). 465
They found that there is a dose-dependent demethylating effect exerted by the X chromosome (one in XY, two in XX germ cells, with both X chromosomes active). In addition, the X-coded protein ATRX is known to be involved in chromatin modification, and is dosage-sensitive (14). It has also been reported that during in vitro culture in preimplantation embryos there is higher expression of genes present on the X chromosome 470 in female than in male embryos, indicating that two X chromosome are active (19, 29, 39, 58 ). This could suggest that female cells will overexpress the modifier and therefore have reduced levels of the enzyme. The differences in the expression of these methyltransferase genes between male and female embryos may be necessary to establish the differences observed in gene expression between genders that take place in early postimplantation 475 embryos (29) .
Methylation of specific residues within the N-terminal histone tails plays a critical role in regulating eukaryotic gene expression. Ilf3 is a cell cycle-regulated protein that it is cyclically phosphorylated during mitosis (52) , and regulates PRMT1 activity, the type I 480 protein-arginine methyltransferase, that is a cofactor of nuclear receptor-activated gene expression, acting in the methylation of the histone 4 arginine 3 (2). Hmt1 is the bovine homolog to human and murine PRMT1. Embryos of different sex may respond differently to epigenetic alterations. By analysing these early sex differences we will be able to exert greater control on sex ratio manipulation of domestic animals and it will help us to understand other aspects of early embryo development, X inactivation, and epigenetic and genetic processes related to early 510 development that may have a long term effect on the offspring.
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